Total scattering based atomic pair distribution function (PDF) analysis, with the advent of high data throughput neutron powder diffractometers, helps understanding the nature of the Jahn-Teller (JT) phase transition in La 1-x Ca x MnO 3 colossal magnetoresistive (CMR) manganites. The JT distortion of the MnO 6 octahedra, is long-range ordered in the orthorhombic (O) phase, but disappears in the pseudo-cubic (O') phase crystallographically. An anomalous unit cell volume contraction occurs at the transition. The PDF study indicates that the distortion persists locally deep in the O' phase, contrary to the crystallographic view. Simultaneously, local structural features observed in PDF at 10.3 Å, sensitive to the oxygen sublattice changes, evolve dramatically across the transition. The same effect is observed irrespective of the way the O-O' phase boundary is crossed: it is seen both in the temperature series data for x=0, and in the doping series data at 310 K and at 550 K.
Introduction
The hole-doped La 1-x Ca x MnO 3 (LCMO) series have been the subject of significant interest for decades due to the complex interplay between the spin, charge, orbital and lattice degrees of freedom [1] [2] [3] [4] [5] [6] . The parent LaMnO 3 (LMO) has an A-type antiferromagnetic ground state, with long-range ordered JT distorted MnO 6 octahedra, exhibiting four shorter (~1.94 Å) and two longer (~2.17 Å) Mn-O bonds, and has orthorhombic (O) symmetry (s.g. Pbnm) [7, 8] . When heated above T JT~7 50 K, the structure becomes pseudo-cubic (O'), but the system retains the same space group [9] . At this JT-transition a loss of long-range orbital order is observed, and the JT-distortions disappear crystallographically. The temperature of the O-O' transition abruptly lowers with Ca doping, and it becomes as low as 35 K at x=0.2 [9] . Although the insulating pseudo-cubic phase is of great importance, as it hosts the ferromagnetism and CMR effect, its exact nature is still not fully understood [10] [11] [12] [13] . The JT-transition is argued to be order-disorder in character [12, 14] , but the exact mechanism is still debated [15] [16] [17] . The local JT distortion in the undoped endmember, as recently shown, remains with full magnitude all the way up to the highest temperature and the rhombohedral phase [15] . The same study suggested that the ground-state-like orbital order remains within clusters ~16 Å in diameter above the T JT . The nature of the O-O' transition appears to have the same origin when the phase line is crossed both vs temperature at fixed doping, and vs doping at fixed temperature [18] . Here we extend these results to the case when the phase line is crossed as a function of doping at 550 K temperature, deep in the insulating phase. The results agree with these obtained for 310 K. Using the same set of data crystallographic results are further obtained for the evolution of the unit cell volume with doping at 550 K. Anomalous volume contraction is observed upon crossing into the pseudo-cubic O' phase along the doping axis, in agreement with earlier T-dependent studies at fixed doping [14, 16] .
Experimental
The local structural information is obtained by the real-space atomic pair distribution function (PDF) analysis of the neutron diffraction data collected at NPDF diffractometer at LANSCE, and at GEM diffractometer at ISIS. The temperature dependence of the x=0 sample was carried out at 14 temperatures from 300 K up to 1150 K at NPDF. At the same instrument data were collected for 13 samples spanning 0 ≤ x ≤ 0.5 doping range at 550 K. The data at 310 K for the same doping range were collected at GEM. Sample preparation and the measurement details including data processing methodology are specified elsewhere [15, 19, 20] . The experimental PDF, G(r), is obtained through a sine Fourier transform of the total scattering structure function, S(Q), where Q is the momentum transfer, via
using the program PDFGETN [21] . The radial distribution function (RDF), R(r), is related to G(r) through a series of simple arithmetic operations [20] . Both functions are peaked at distances separating pairs of atoms. We show here PDFs that were obtained using high resolution total scattering data up to a very high value of momentum transfer, Q MAX =35Å -1 . The full profile refinements of experimental PDFs is obtained using the modelling program PDFFIT [22] , while the Rietveld refinements on the diffraction patterns of the same data is carried out using the program GSAS [23, 24] to obtain the crystallographic values.
Results
The data presented here are a subset of an extensive set of data collected at high throughput neutron diffraction instruments to accurately evaluate local structural properties across the phase diagram of LCMO [19] . The advent of modern synchrotron based high flux sources allows for new, previously undetected structural details to emerge. Typical PDF, G(r), of the x=0 sample is shown in figure 2 . The nearest neighbour doublet at ~2 Å corresponds to the 4 shorter and 2 longer Mn-O bonds. The peaks are negative due to the negative neutron scattering length of Mn. Set of positive PDF peaks centred at ~2.75 Å contains O-O bond length contributions. These PDF features, circled in figure 2, capture the local behaviour of the MnO 6 octahedra, and allow systematic tracking of the JT-distortion evolution with temperature and/or doping. New high data throughput neutron powder diffractometers, such as NPDF and GEM, make it feasible to systematically evaluate the local structural behaviour in this manner. In figure 3 (a) and (b) we summarize the results of the evolution of the JT distortion with temperature in x=0 sample, and with doping at 310 K respectively, using the R(r) representation of the PDF. 2.75 Å do not change discontinuously either. The changes that can be noticed are those that are due to the thermal broadening, figure 3 (a) , and due to the scattering length change, as Ca doping changes, figure 3 (b) . However in both cases the RDF profiles evolve continuously. Rather dramatic change in the local structure is observed around 10.3 Å, figure 3 (c) and (d).
There is an abrupt change in this peak intensity on crossing the JT phase line. It has been demonstrated that this effect is related to the rearrangements within the oxygen sublattice [18] . Quantification of these observations, by fitting the PDF profiles over relatively narrow r-range, further showed that the local JT distortion remains unchanged across the Jahn-Teller transition, while the features sensitive to oxygen rotations that correspond to furtherneighbour correlations change dramatically and vanish in the pseudo-cubic phase [18] . Note that there is a systematic gradual shift of the intensity of the 2.17 Å long bond peak towards lower r-values. This, however, continues smoothly across the JT-transition [19] . Figure 4 shows doping evolution at 550 K of the structural features from figure 3. Apart from the apparent shift of the phase boundary towards lower x, compared to 310 K, the result is in accord with the earlier findings. In figure 5 (a) the temperature dependence of the crystallographic unit cell volume is shown across the T JT~7 50 K for x=0 sample, and on the same scale in figure 5 (b) the doping dependence of the volume at 550 K across the x JT~0 .1. The anomalous volume collapse, presumably due to the repacking of the structure at the transition [14, 16] , is observed in both cases. ǻV is estimated to be around 1.1 Å 3 (0.41% change across the transition) in the x=0 sample in agreement with earlier results, and about 3.2 Å 3 (1.34% change) when the phase boundary is crossed along the doping axis at 550 K. .
Concluding remarks
The neutron powder diffraction based atomic PDF analysis is a powerful tool in accurately tracking the structural evolution of complex materials. The local JT distortion as a function of doping at 550 K persists in the O' phase, while dramatic changes associated with the rearrangement in the oxygen sublattice at T JT are observed. The volume collapse upon crossing into the O' phase along the doping axis at 550 K is observed from the same set of data using Rietveld refinement results. This effect is comparable, but slightly larger than that observed in T-dependence for the x=0 sample.
